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The no-reflow phenomenon:
A basic mechanism of myocardial

ischemia and reperfusion

Abstract Both animal models of experimental myo-
cardial infarction and clinical studies on reperfusion
therapy for acute myocardial infarction have provided
evidence of impaired tissue perfusion at the microvas-
cular level after initiation of reperfusion despite ade-
quate restoration of epicardial vessel patency. Charac-
teristics of this “no-reflow” phenomenon found in basic
science investigations, such as distinct perfusion de-
fects, progressive decrease of resting myocardial flow
with ongoing reperfusion and functional vascular alter-
ations are paralleled by clinical observations demon-
strating similar features during the course of reperfu-
sion. In experimental animal investigations of coronary
occlusion and reperfusion, this no-reflow phenomenon
could be characterized as a fundamental mechanism of
myocardial ischemia and reperfusion. Major determi-
nants of the amount of no-reflow are the duration of oc-
clusion, infarct size, but also the length of reperfusion, as
rapid expansion of perfusion defects occurs during
reperfusion. Moreover, no-reflow appears to persist over
a period of at least four weeks, a period when major
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steps of infarct healing take place. The significant asso-
ciation of the degree of compromised tissue perfusion at
four weeks and indices of infarct expansion, found in
chronic animal models of reperfused myocardial infarc-
tion, might be the pathoanatomic correlate for the prog-
nostic significance observed in the clinical setting.

Keywords no-reflow - ischemia - reperfusion -
myocardial blood flow - myocardial infarction

Introduction

Timely reperfusion therapy is the current treatment op-
tion of choice for ST-segment elevation myocardial in-
farction [72, 84],as an occlusive thrombus in the epicar-
dial coronary artery appears to be the underlying cause
in the vast majority of patients with acute myocardial in-
farction [16]. Currently, the debate on myocardial reper-
fusion in the clinical realm primarily focuses on
whether primary percutaneous coronary angioplasty
(PTCA) may be more advantageous than pharmacologic
thrombolysis and how to improve patients’access to this
treatment within an adequate time window [48].
However, reperfusion therapy, i.e. restoration of
blood flow to the previously ischemic myocardium, may
be a much more challenging treatment concept than
suggested by the widespread and obviously successful
application of PTCA and thrombolysis, usually called
reperfusion therapy. As early as the 1960s, studies per-
formed in experimental animal models demonstrated
that ligation of a coronary artery and subsequent re-
opening of the epicardial vessel may result in incomplete
reperfusion of the microvascular bed despite adequate
restoration of epicardial vessel diameters [59]. Distinct
zones of hypoperfusion, characterized by severely de-
pressed myocardial blood flow, may develop within the
previously ischemic myocardial tissue. Based on these
observations, the term “no-reflow” was coined, describ-
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ing compromised myocardial blood flow at the mi-
crovascular level after coronary artery occlusion and
reperfusion [53].

Moreover, in recent years, a growing number of clin-
ical investigations, using imaging techniques to visual-
ize myocardial perfusion after reperfusion therapy for
acute myocardial infarction, demonstrated distinct
zones of markedly compromised perfusion within the
myocardium supplied by the coronary artery which had
been re-opened [38, 100, 106, 107]. These clinical obser-
vations of reduced tissue perfusion in spite of restora-
tion of epicardial coronary flow shared many similari-
ties with the no-reflow phenomenon, first delineated in
experimental animal models. Therefore, the term no-re-
flow was also used for clinical perfusion defects after
reperfusion therapy for acute myocardial infarction
[41], notwithstanding that some clinical aspects of no-
reflow may also substantially differ from experimental
models of coronary occlusion and reperfusion [15, 98].
Coronary microembolization which significantly con-
tributes to microvascular perfusion deficits in the clini-
cal context is not simulated in animal models of coro-
nary occlusion and reperfusion [20, 86]. Interestingly,
the amount of no-reflow, as visualized by myocardial
contrast echocardiography, scintigraphic techniques or
magnetic resonance imaging in the clinical realm, has
reproducibly been shown to significantly predict left
ventricular segmental wall motion dysfunction, ventric-
ular remodeling and clinical outcome [68, 76, 96, 107],
which initiated a body of clinical research on prognos-
tic aspects and potential therapeutic options for clinical
no-reflow.

Therefore, pathophysiologic aspects of no-reflow,
whether seen from the clinical point of view as a promis-
ing target of treatment to fulfill the high demands of
true reperfusion therapy or from the light of basic sci-
ence as a fundamental mechanism of myocardial is-
chemia and reperfusion, may become a novel or revived
focus of research.

This review summarizes the main characteristics,
pathophysiologic models, potential interventions and
consequences of the no-reflow phenomenon, as seen in
experimental models of coronary occlusion and reper-
fusion. Also, differences and similarities of the clinical
phenomenon are discussed in order to provide the basic
science counterpart within the synopsis on different as-
pects of the no-reflow phenomenon compiled in this se-
ries of Basic Research in Cardiology.

Major characteristics of the no-reflow
phenomenon

Afterre-opening of an occluded artery,reperfusion of the
previously ischemic tissue depends on microvascular in-
tegrity. The “no-reflow” phenomenon may be defined as

incomplete and non-uniform reperfusion at the mi-
crovascular level despite adequate re-opening of the
proximal artery after a period of transient ischemia. First
described after cerebral ischemia in 1967 [63], the no-re-
flow phenomenon was demonstrated in several other or-
gans after temporary arterial occlusion, such as the skin
[105],the kidney [95] and also in the heart [53,59].

In animal models of coronary occlusion and reperfu-
sion, the presence of distinct areas of impaired perfu-
sion within the previously ischemic myocardium,
marked ultrastructural damage of the microvasculature
related to coronary ischemia and reperfusion, and a pro-
gressive reduction of regional myocardial blood flow [5,
53] were identified as the major characteristics of the
myocardial no-reflow phenomenon.

Anatomical area of no-reflow

In order to visualize areas of impaired perfusion after
coronary artery occlusion and reperfusion, different
dyes were injected into the coronary circulation (with-
out re-occlusion of the coronary artery) in several ani-
mal studies of experimental myocardial infarction. The
area not stained by the dye was defined as the area of no-
reflow [5,53] (Fig. 1). In a canine heart, which is charac-
terized by relatively high collateral flow to the ischemic
tissue during occlusion, intra-atrial injection of the dye
carbon black (20-30 nm particles) and intravenous in-
jection of thioflavin S, a fluorescent vital stain for the en-
dothelium, after 40 minutes of coronary occlusion and
reperfusion revealed a homogenous distribution of both
dyes [53]. However, after 90 minutes of occlusion of the
circumflex coronary artery with subsequent reperfu-
sion, areas of no-reflow were identified as tissue not
stained by carbon black and thioflavin S. These areas of
no-reflow were predominantly located in the subendo-
cardial myocardium. Non-fluorescent areas and carbon
black-negative areas revealed marked ultrastructural
damage of the microvasculature upon electron mi-
croscopy. As expected, the area of no-reflow determined
by injection of thioflavin S (non-fluorescent area) was
characterized by low regional myocardial blood flow at
the time of perfusion-staining, ranging from 0.13 to
0.39 ml/g/min, as assessed by radioactive microspheres
[5, 44]. In general, non-ischemic regional myocardial
blood flow amounts to approximately 1.0 ml/g/min in
the canine heart.

Also in a rabbit heart, which in contrast to the dog has
negligible collateral flow to myocardial tissue after coro-
nary occlusion, simultaneous intra-atrial injection of
Uniperse blue, a particulate blue dye (similar to Monas-
tral blue), and thioflavin S demonstrated closely corre-
lating areas not stained by the two dyes after various du-
rations of occlusion and reperfusion. However in these
experiments, the thioflavin S-negative area was always
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Fig.1 Three apical slices of a rabbit heart after 30
min of coronary occlusion and 120 min of reperfu-
sion. At the end of reperfusion Thioflavin S, a vital flu-
orescent stain for endothelium was injected without
coronary re-occlusion in order to stain perfused tis-
sue. Thereafter, the coronary artery was re-occluded,
and 50% Uniperse blue, a particulate blue dye, was
injected to delineate the ischemic risk area. Under flu-
orescent light the reperfused myocardium appears
bright, whereas the anatomical no-reflow zone re-
mains dark. The tissue stained by the blue dye is the
non-ischemic myocardium, whereas the tissue not
stained by the blue dye represents the area at risk

Bright fluorescent
tissue stained by
thioflavin S

Non-ischemic area
stained by
Uniperse blue after
coronary
reocclusion

slightly smaller and confined to the area not stained by
Uniperse blue regardless of the duration of occlusion
and reperfusion [83]. Thus, this so-called anatomical
no-reflow represents zones of severe regional myocar-
dial hypoperfusion related to microvascular injury. The
exact size of the visualized areas of no-reflow depends
on the specific ability of the injected dye to penetrate
into the tissue with incomplete reflow.

Recently, in vivo assessment of myocardial perfusion
defects also became feasible with myocardial contrast
echocardiography, magnetic resonance imaging and
scintigraphic techniques. In a canine model of coronary
occlusion and reperfusion, contrast-echocardiography
demonstrated myocardial perfusion defects as regions
of lower myocardial contrast enhancement after injec-
tion of echocardiographic contrast medium. These
myocardial areas were associated with low myocardial
blood flow as determined by radioactive microspheres
and closely correlated with infarct size [100]. In con-
trast-enhanced myocardial magnetic resonance imag-
ing (MRI), zones of hypoenhancement (after application
of gadolinium-contrast medium) after myocardial in-
farction are considered to represent areas of microvas-
cular obstruction and correspond well to anatomical
no-reflow zones determined by injection of thioflavin S
and no-reflow as visualized by contrast echocardiogra-
phy [44, 106]. Similarly, anatomical no-reflow and its
close relation to thioflavin S-negative zones was demon-
strated by #rubidium positron emission tomography
[42].

Moreover, other experimental approaches provided
evidence for distinct compartments of reflow and of no-
reflow after coronary artery occlusion and reperfusion,
as well. For example, by means of 3!P-nuclear magnetic
resonance spectroscopy, different compartments of the
myocardial tissue according to differing pH-levels could
be separated after various times of ischemia and reper-
fusion, indicating that these different compartments,
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Zones of anatomical no-reflow
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i.e. the no-reflow area and the tissue with reflow, are
functionally separated [34].

Ultrastructural alterations of the microvasculature

Zones of no-reflow, as assessed anatomically on a
macroscopic basis, are characterized by specific ultra-
structural changes, when examined by electron mi-
croscopy. In a dog model of coronary artery occlusion,
marked ultrastructural capillary damage after 90 min-
utes of coronary artery occlusion with and without ini-
tiation of reperfusion was demonstrated [53]: Swollen
intraluminal endothelial protrusions and membrane-
bound, in part free-floating bodies within the lumen
(blebs) were common. These areas of regional swelling
often seemed to obstruct the capillary lumen. The en-
dothelial cells showed decreased numbers of pinocy-
totic vesicles and chromatin margination.

When the coronary artery had been re-opened after
a certain duration of occlusion, many capillaries in areas
not perfused by thioflavin S contained tightly packed
red blood cells. Endothelial protrusions and membrane-
bound bodies often filled the capillaries to a point that
the lumen was obliterated. After 20 minutes of reperfu-
sion, large endothelial gaps with extravascular erythro-
cytes were demonstrated in these areas. Occasionally,
capillaries appeared to be compressed by subsarcolem-
mal blebs. These changes were not observed after 40
minutes of occlusion (when no anatomical no-reflow ar-
eas had developed) or in thioflavin S-positive areas and
tissue samples not supplied by the previously occluded
artery. Fishbein et al. demonstrated a close correlation of
myocardial hemorrhage to vascular injury [21]. The
hemorrhage was always confined to the area of vascular
damage (not stained by carbon black in these investiga-
tions). In addition, these areas were predominantly lo-
cated in the subendocardium and within the area of
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necrosis. After different durations of coronary occlusion
(20-180 minutes) in dogs, ultrastructural evidence of
microvascular damage with intraluminal blebs (begin-
ning after 60 minutes occlusion), as delineated above, al-
ways lagged behind myocardial cell injury, which was al-
ready visible after 20 minutes of ischemia [55].

Myocardial blood flow during reperfusion and
functional vascular alterations

As can be expected, morphological findings were ac-
companied by a reduction of regional myocardial blood
flow within the previously ischemic area. As a standard
method, experimental models most often used injection
of radioactive or colored microspheres with simultane-
ous withdrawal of a reference blood sample to assess
myocardial blood flow. Anatomical areas of no-reflow in
different studies in the dog always revealed low regional
blood flow between 0.13 and 0.39ml/g/min [5, 44],
which is substantially depressed in relationship to re-
gional flow in the non-ischemic zone (about
1 ml/g/min). In a study by Ambrosio etal., blood flow
within the risk area (area supplied by the coronary
artery that had been re-opened) tended to be hyperemic
in the first minutes after release of a coronary occlusion
followed by a progressive decrease in flow during 3.5
hours of reperfusion that was more pronounced in the
subendocardium [5]. This progressive decrease in
myocardial tissue perfusion was not related to variation
in perfusion pressure, but due to progressive microvas-
cular damage.

Similarly, in the rabbit, 30 minutes of coronary occlu-
sion followed by reperfusion resulted in hyperemic
blood flow in the ischemic risk area at 2 minutes of
reperfusion (3.78 ml/min/g), which then progressively
deteriorated, reaching a plateau of approximately
0.9ml/min/g at 2 hours of reperfusion [79]. Normal re-
gional blood flow in the rabbit amounts to
2.06 ml/min/g.

Albeit not included into the definition of the no-re-
flow phenomenon, functional vascular alteration in re-
sponse to ischemia/reperfusion may be important when
transferring the complex of no-reflow and microvascu-
lar damage into the clinical context. Therefore, it should
be mentioned that, in addition to compromised resting
myocardial blood flow, the no-reflow phenomenon is ac-
companied by an altered response of the vasculature to
various dilatory stimuli probably involving reactive oxy-
gen species and leukocyte-mediated mechanisms: To
mention only an example among the extensive work in
this field,endothelium-dependent relaxation, character-
ized by a nitric oxide-dependent pathway in response to
acetylcholine, was markedly reduced in isolated rat
coronary arteries subjected to ischemia and reperfu-
sion, but not after ischemia alone [45, 54, 82], indicating

also functional damage induced by ischemia and reper-
fusion.

Major determinants of anatomic no-reflow
Duration of coronary occlusion

Even in the early investigations in the dog, some funda-
mental determinants of the development of no-reflow
were demonstrated: A certain threshold of the duration
of ischemia seemed to be necessary for the development
of zones of no-reflow. In the canine experiments (char-
acterized by relatively high collateral flow) described
above, 40 minutes of ischemia did not lead to perfusion
defects after 20 minutes of reperfusion, but substantial
areas of no-reflow were visualized after 90 minutes of is-
chemia with reperfusion for 10 seconds to 20 minutes
[53]. Thereafter, the extent of microvascular damage
worsened with longer durations of ischemia [55].

Size of myocardial necrosis

In the rabbit heart (characterized by negligible collateral
flow), a similar relationship was demonstrated with big-
ger areas of no-reflow after longer durations of coronary
occlusion. A closer look at these investigations, however,
demonstrated that the amount of necrosis, as deter-
mined by triphenyltetrazolium chloride, and the degree
of reflow to the previously ischemic zone were closely
correlated with each other after various durations of
coronary occlusion and reperfusion. Smaller infarcts
were associated with higher regional myocardial blood
flow within the area at risk and vice versa at any given
time point of reperfusion [78]. Comparably, the size of
myocardial infarction was closely correlated with the
amount of anatomical no-reflow visualized by perfusion
staining with thioflavin S along with a high spatial con-
cordance [79, 80].

While, in these experimental series, the no-reflow
zone was confined to the zone of infarction and tended
to be slightly smaller in size in the majority of hearts, in-
farct size seemed to be the major determinant of the
amount of no-reflow irrespective of the duration of
coronary occlusion. In following experimental series,
this correlation was a very consistent and reproducible
result [29, 31, 78-82]. Thus, the observation that longer
durations of occlusion tend to result in bigger no-reflow
zones may potentially solely be explained by bigger in-
farcts after longer durations of ischemia. Thus, infarct
size is a major determinant of the size of anatomical no-
reflow.

In these experiments, ischemic preconditioning, one
of the most powerful mechanisms of infarct size reduc-
tion in animal research, reduced myocardial necrosis
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and microvascular perfusion defects in a proportional
fashion [80], which further strengthens the concept of
necrosis as a major determinant of microvascular dam-
age. Interestingly, also postconditioning, i. e. the applica-
tion of short periods of re-occlusion after ischemia and
reopening of the epicardial arteries, also appears to re-
duce infarct size [93, 108, 109]. Experimental data also
suggest that vascular functioning can be improved by
postconditioning, along with reduced leukocyte accu-
mulation and greater maximal vasodilatory responses
[108]. Investigations in patients using short periods of
recurrent balloon inflation after percutaneous translu-
minal coronary angioplasty to mimic postconditioning
also suggested reduced infarct size and also increased
blush grade, a parameter used in clinical circumstances
to describe microvascular perfusion [93].

Duration of reperfusion

Ambrosio etal. demonstrated a more than twofold
increase of the size of no-reflow zones from 2 minutes of
reperfusion to 3.5 hours of reperfusion in the canine. In
these experiments, the area not stained by thioflavin S
expanded from the subendocardium towards the epi-
cardial myocardium. This progression of anatomical no-
reflow during the time course of reperfusion, which was
accompanied by a progressive reduction of regional
myocardial blood flow [5], can be interpreted as re-
perfusion injury at the microvascular level [42, 88].

In order to define the time course of reperfusion-re-
lated progressive microvascular damage, anatomic no-
reflow and regional myocardial flow were determined
after 30 minutes of coronary occlusion and 2, 30, 60 and
480 minutes of reperfusion in the rabbit [79]. At two
minutes of reperfusion, the area of no-reflow amounted
to 12.2% of the risk area; thereafter a progressive in-
crease in the no-reflow zone to 30.8 % after 2 hours of
reperfusion and 34.9% after 8 hours was observed.
Along with a reduction of regional myocardial flow in
the risk area from hyperemic values after two minutes of
reperfusion to approximately 0.9 ml/g/min at 2 hours
and 8 hours of reperfusion, the anatomical zone of no-
reflow appeared to reach a plateau after two hours with-
out further significant deterioration by 8 hours. Size and
spatial distribution of no-reflow and macroscopically
visible hemorrhage closely correlated with each other in
these experiments. With regard to longer observational
periods after the insult of ischemia and reperfusion,
data are in part contradictory. While it seems to be es-
tablished that major characteristics of no-reflow persist
within the infarcted myocardial tissue for at least 4
weeks in the rat [77], the exact time-course within the
first hours and days is different in various studies, pre-
sumably in part due to species differences. Using scin-
tigraphic techniques (32Ru positron emission tomogra-
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phy) a progressive deterioration of microvascular flow
was demonstrated in the first four hours of reperfusion
in the dog [42]. In the canine model of myocardial in-
farction used in the MRI investigations by Rochitte etal.
the zone of microvascular obstruction increased from
13% at 2 hours of reperfusion to 23% at 6 hours of
reperfusion with a further increase to 30% at 48 hours
of reperfusion [88]. However, even within the same
species, there are significant differences in the amount
of no-reflow at various time points of reperfusion when
analyzed at a quantitative level [44]. It should be added
that also in the clinical arena, convincing evidence for
reperfusion-associated progression of microvascular
perfusion defects exists, which in part may be related to
similar mechanisms [41, 58]. Interestingly, also in the
clinical realm, evidence for persistence of perfusion de-
fects was provided by contrast echocardiography over
the first month after reperfused myocardial infarction
[6]. In summary, the duration of reperfusion is a signif-
icant determinant of the amount of no-reflow, probably
representing a form of reperfusion injury at the mi-
crovascular level. Systematic evaluation regarding the
time-course of this reperfusion injury suggested that the
most significant amount of microvascular deterioration
occurs during the first hours after initiation of reperfu-
sion, presenting a potential time-window for therapeu-
tic interventions.

Potential mechanisms of no-reflow

While the exact mechanisms responsible for anatomical
no-reflow, as visualized in animal studies of coronary
occlusion and reperfusion, have not been completely
understood some potential causal factors as well as hy-
potheses that have been put forward will be discussed
below.

Endothelial ischemic damage and microvascular
obstruction

The pronounced ultrastructural abnormalities of the
capillary endothelium demonstrated by electron mi-
croscopy suggest that morphological features of mi-
crovascular damage related to ischemia may directly
contribute to the no-reflow phenomenon. Localized ar-
eas of endothelial swelling and numerous endothelial
protrusions were the most common findings in the al-
ready mentioned initial ultrastructural investigations in
the dog [53]. These protrusions, which resemble blisters
forming upon the endothelial surface, may act to oc-
clude the capillary lumen and thus play a direct role in
causing regional perfusion defects. Following reperfu-
sion, capillaries showed tightly packed erythrocytes,
suggesting that some flow must have occurred initially
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into these regions after release of the coronary occlu-
sion. Endothelial gaps were present after 20 minutes of
reflow and, occasionally, fibrin and platelet thrombi
were demonstrated in the microvasculature. The exper-
iments by Ambrosio etal. revealed similar morphologic
changes of the vascular endothelium with signs of red
blood cell stasis in the thioflavin S negative areas both
after 2 minutes of reperfusion and after 3.5 hours of
reperfusion. In addition, after 3.5 hours, there was a
striking accumulation of neutrophils within the mi-
crovasculature that appeared to obstruct the vascular lu-
men in areas not stained by thioflavin S [5].

Leukocyte plugging

Engler etal. further explored the neutrophil plugging
concept as a mechanistic explanation of no-reflow. After
coronary occlusion and reperfusion, they observed ex-
tensive leukocyte plugging that could not be washed out
by crystalloid perfusion in capillaries within areas of
no-reflow in comparison to capillaries from areas with
reflow [19]. This might be a cause of erythrocyte pack-
ing and rouleaux formation upstream from the me-
chanical obstruction with subsequent changes in local
hematocrit, erythrocyte flexibility and blood viscosity.
Perfusion with leukocyte-depleted solutions [22, 61, 85]
or reperfusion with oxygenated perfluorochemicals [30,
57] led to a reduction of the anatomical area of no-re-
flow in various studies. In this context, it should be em-
phasized that even in isolated saline-perfused Langen-
dorff hearts an anatomical area of no-reflow can be
visualized [60]. Thus leukocytes may enhance myocar-
dial no-reflow, but they are not essential.

Mechanical compression

Sudden myocardial cell swelling with prominent intra-
cellular and interstitial edema is one of the very early
morphologic changes induced by reperfusion and is
probably in part linked to osmotic forces due to gly-
colytic pathway products [99]. As tissue edema might
compress the microvascular bed, the no-reflow phe-
nomenon may in part be attributed to changes in total
cross sectional vascular area [64]. However, increasing
serum osmolality by administration of mannitol did not
exhibit beneficial effects on the amount of no-reflow in
all experimental designs [13, 101]. Moreover, progres-
sion of the area of no-reflow with ongoing reperfusion is
not likely to be due to microvascular compression alone,
as tissue edema largely develops immediately after
reperfusion.

Interaction between leukocytes, platelets,
and the endothelium

Even if capillary leukocyte trapping is prominent in the
area of no-reflow, the effects of leukocytes probably are
not solely confined to mechanical plugging, but may in-
volve complex interactions with the endothelium,
platelets and perhaps with myocytes. An influx of leuko-
cytes into the arterial wall, accompanied by reduced en-
dothelium dependent and independent vasodilation,
was shown after three hours of coronary occlusion with
subsequent reperfusion [54]. Polymorphonuclear
leukocytes are able to release reactive oxygen metabo-
lites, such as hydrogen peroxide [69] and hypochloric
acid as a product of the myeloperoxidase reaction [103],
and proteolytic enzymes, such as elastase and lipooxy-
genase products (leukotrienes) that exhibit influence on
platelet and endothelial function [90]. For example, oxy-
gen radicals, released by neutrophils, could damage the
endothelial surface with subsequent regional swelling
and blebbing. Endothelial cells can modulate leukocyte
function by the expression of adhesion molecules and
by release of soluble factors including nitric oxide,
prostacyclin, endothelins, platelet activating factor and
interleukin-8. In cultured endothelial cells, increased ex-
pression of the intercellular adhesion molecule-1
(ICAM-1) was observed after 6 hours of anoxia, which
was prevented by a preconditioning stimulus or a free
radical scavenger, and was accompanied by increased
adhesion of leukocytes to the endothelial cells [9]. The
contribution of P-selectin, which was shown to be ex-
pressed on postischemic endothelium and to trigger
leukocyte attachment, to the no-reflow phenomenon re-
mains controversial. In isolated heart preparations, per-
fused with leukocyte-supplemented bulffer, a beneficial
effect of a P-selectin antagonist was demonstrated [71],
whereas in an open-chest model (in vivo model with
full-blood perfusion) no effect on regional myocardial
flow after reperfusion was apparent [10]. Platelets affect
polymorphonuclear cell activation by release of throm-
boxane A2, platelet derived growth factor, serotonin,
lipooxygenase products, proteases and adenosine. In hy-
percholesterolemic rabbits, a marked platelet accumula-
tion has been described with enhancement of no-reflow
that could be avoided by platelet depletion [25]. Thus, in
addition to their direct involvement in the development
of no-reflow, neutrophils, platelets and endothelial cells
are linked in a complex functional balance that is dis-
turbed by ischemia and reperfusion.

The complement cascade may further modulate
these interactions. Activation of neutrophils by the acti-
vated factor C5a of the complement system was shown
to produce myocardial ischemia when given directly
into the coronary artery [36,65]. The production and the
release of endothelin during myocardial ischemia and
reperfusion are markedly enhanced, which may con-
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tribute to increased vascular resistance. Endothelin re-
ceptor antagonism was shown to reduce anatomical no-
reflow as well as functional vascular injury [23, 61]. In
conclusion, there may be multiple interactions of leuko-
cytes, endothelium, platelets, and soluble as well as cell-
related mediators that contribute to the mechanism of
no-reflow.

Reactive oxygen species

The production of oxygen free radicals peaks during the
first 2 to 10 minutes of reperfusion after coronary artery
occlusion. Besides the effect of polymorphonuclear cells
as a source of reactive oxygen species, the endothelial
xanthine oxidase and potentially cardiac myocytes may
be a source of superoxide anions, derived from the oxi-
dation of accumulated hypoxanthine [14]. Recent inves-
tigations suggest that the major amount of free oxygen
radicals is generated by neutrophils during reperfusion
[18]. While superoxide anions are normally catalyzed to
hydrogen peroxide by superoxide dismutase, this path-
way is markedly altered after an ischemic insult, thus,
contributing to the burst of reactive oxygen specimen
upon reperfusion [28].

Several investigations have shown that administra-
tion of superoxide dismutase in combination with cata-
lase reduces the degree of no reflow, the area of no-re-
flow and ultrastructural signs of endothelial injury 1,3,
75,101]. Przyklenk et al. demonstrated in a canine model
of 2 hours of coronary occlusion followed by 4 hours of
reperfusion that administration of superoxide dismu-
tase and catalase during reperfusion significantly im-
proved regional myocardial blood flow during reperfu-
sion and preserved microvascular ultrastructure.
Interestingly, in this study, oxygen radical scavenging
did not significantly reduce infarct size, but preserved
microvascular ultrastructure in zones of severely dam-
aged cardiomyocytes. There is still controversy regard-
ing whether myocardial infarct size can be reduced
when the radical scavengers are given only during reper-
fusion [3,4,75,101]. Nevertheless, these studies provide
strong evidence that microvascular damage during
reperfusion is caused at least in part by reactive oxygen
species.

Coagulation, tissue factor

Ultrastructural investigations of no-reflow areas did not
show direct evidence of a causal role of intravascular
thrombus formation for the development of no-reflow
in animal models of mechanical coronary artery occlu-
sion and reperfusion. Some electron microscopy studies
found rare micro thrombi [53]; others did not find any
evidence for activation of the coagulation pathway [59].
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Administration of acetylsalicylic acid [43], streptoki-
nase [51] or tissue-plasminogen activator [52] did not
demonstrate any beneficial effects on microvascular in-
tegrity. But in hypercholesterolemic rabbits, platelet ac-
cumulation seemed to contribute to the extent of no-re-
flow [25]. Some experimental observations suggest that
tissue factor,a membrane-bound glycoprotein that acti-
vates the extrinsic coagulation pathway (via activating
factor VII) when exposed to flowing blood, contributes
to the degree of no-reflow. When active site-blocked fac-
tor VII was administered during reperfusion, a marked
reduction of no-reflow, along with infarct size reduction,
was observed, whereas activated factor VII led to deteri-
oration of the no-reflow phenomenon [26, 27]. In addi-
tion, this study demonstrated intracoronary accumula-
tion of fibrin/fibrinogen and platelets in the ischemic
area, which was attenuated by active site-blocked factor
VII. Oxygen free radicals stimulate the synthesis of tis-
sue factor, thereby providing a potential concept for its
involvement in no-reflow [26]. Presumably, no-reflow
phenomenon observed in the clinical setting, represents
a situation of vascular and endothelial damage that
could lead to exposure of tissue factor to the flowing
blood.

From pathophysiology to therapy?

As discussed above, the exact causal chain of events
leading to perfusion defects in these experimental stud-
ies has not been completely understood. As a conse-
quence, various therapeutic approaches revealed very
different, in part contradictory results. Table 1 summa-
rizes some of the tested interventions. Even with very
similar experimental approaches, results differed sub-
stantially. In addition, some interventions found to be
effective in the clinical setting did not show any signifi-
cant effect in animal research and vice versa. Table2
summarizes selected interventions applied in clinical
studies.

Some of the discrepancies might be explained by ad-
ditional factors contributing to clinical no-reflow. As al-
ready mentioned, coronary microembolization signifi-
cantly contributes to perfusion defects in acute coronary
syndromes [20]. Activation of platelets and potentially
the coagulation pathway might also be important, which
is most likely the main underlying mechanism of bene-
ficial effects of glycoprotein IIb/IIla-receptor antago-
nists. Nonetheless, the differential contribution of vari-
ous mechanisms in different situations remains to be
identified to further search for effective treatment
strategies. In the clinical realm, beneficial or detrimen-
tal statistical predictors of the development of no-reflow
may also be identified, e. g. the baseline white cell blood
count, glycemic control and control of hyperlipopro-
teinemia appear to significantly predict occurrence of
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Table 1 Interventions used in experimental animal models to reduce no-reflow

Intervention Species  Method for Comment Reference
assessing no-reflow
Adenosine
Intracoronary adenosine  Dogs Radioactive Improved regional myocardial blood flow, ultrastructural preservation of 8
after reperfusion microspheres, EM endothelial cells, less neutrophils infiltration
Intravenous adenosine Dogs Radioactive Improved regional myocardial blood flow, ultrastructural preservation of endothelial 74
during reperfusion microspheres, EM cells, less leukocyte and erythrocyte plugging, accompanied by infarct size reduction
Intravenous adenosine Rabbits  Thioflavin S, No reduction of anatomical no reflow, reduction of specific vascular resistance 82
during reperfusion microspheres within the risk area during reperfusion
Combined intracoronary ~ Dogs Radioactive Improved regional myocardial blood flow, accompanied by infarct size reduction, 33
adenosine and lidocaine microspheres both not observed with adenosine or lidocaine alone
Calcium-channel antagonists
Nisoldipine before Rats Fluorescein Reduced area of no-reflow with nisoldipine in globally ischemic isolated hearts 102
ischemia perfusion
Gallopamil during Rabbits  Thioflavin S Reduced no reflow with gallopamil during ischemia, accompanied by infarct size 101
ischemia reduction
Intravenous Verapamil Rabbits  Thioflavin S, No reduction of anatomic no-reflow, reduced specific vascular resistance during 80
during reperfusion microspheres reperfusion
Neutrophil depletion
Reperfusion with Dogs Thioflavin S Reduction of anatomical no reflow with concomitant infarct size reduction 62
neutrophil depleted
blood (filter)
Intraperitoneal mustin Rats Constant pressure In the abdomen transplanted hearts (global ischemia 4 hours, 4 °C), after different 22
hydrochloride perfusion times of in situ reperfusion: Langendorff perfusion: better recovery of coronary flow
(Langendorff)
Reperfusion with Dogs Thioflavin S, colored ~ Reduced area of no-reflow, less leukocyte plugging, preservation of endothelial 57
intracoronary microspheres, EM, structure
oxygenated LM
perfluorochemical
Oxygen-derived free radical scavenging
Superoxide-dismutase Dogs Radioactive Preservation of endocardial regional blood flow, less ultrastructural damage to the 75
and catalase during microspheres, EM endothelium within myocardial necrosis
reperfusion
Superoxide dismutase Dogs Radioactive Marked hyperemic response in treated animals after 10 minutes of reperfusion 3
and catalase during microspheres
reperfusion
Active site-blocked factor Vlla
Active site-blocked Rabbits  Thioflavin S Reduction of anatomical no-reflow and infarct size 27
factor Vlla during
reperfusion
Endothelin antagonism
Endothelin-A antagonist  Dogs Myocardial contrast ~ Enhanced microvascular flow after 180 minutes of reperfusion by contrast 23
during reperfusion echocardiography, echocardiography and microspheres
radioactive
microspheres
Hypothermia
Epicardial cooling Rabbits  Thioflavin S staining ~ Reduction of necrosis and reduction of no-reflow (with more than proportional 29
during late ischemia microvascular protection)
and continued during
reperfusion
Intra-aortic balloon counterpulsation
Intra-aortic balloon Dogs Magnetic resonance  Reduced microvascular obstruction by MRI and microspheres, without reduction of 2
counterpulsation for imaging infarct size

24 hours after
ischemia/reperfusion

EM electron microscopy, LM light microscopy
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Table2 Interventions used in clinical situations to reduce no-reflow
Intervention Clinical situation Method for Comment Reference
assessing no-reflow
Adenosine
Intracoronary adenosine  Primary angioplasty  TIMI grade flow Incidence of no-reflow was reduced and associated with better 66
for AMI recovery of left ventricular function and outcome
Intracoronary adenosine ~ PTCA in AMI TIMI grade flow Reduced incidence of angiographic no-reflow 7
Calcium antagonists
Intracoronary verapamil Elective and TIMI grade flow Improvement of TIMI grade flow after verapamil in elective and 73
with nitroglycerine emergency PTCA emergency PTCA
for AMI
Intracoronary verapamil PTCA in AMI Myocardial contrast Reduction of perfusion defects and increase in peak intensity, 97
echocardiography associated with better contractile recovery
Intragraft verapamiland ~ Elective PTCA in TIMI grade flow Improvement of flow with verapamil in PTCA in saphenous grafts, in 47
nitroglycerine saphenous grafts contrast: no effect of nitroglycerin
Papaverine
Intracoronary papaverine  Elective PTCA in TIMI frame count Papaverine reduced the number of TIMI frame counts in patients with 35
saphenous grafts no-reflow
Nicorandil
Intravenous nicorandil Anterior wall AMI Myocardial contrast Lower incidence of perfusion defects in the nicorandil group 39
echocardiography
Nitric Oxide Donor
Intracoronary Elective PTCA TIMI flow grade, Improvement of flow after nitroprusside in elective interventions 32
nitroprusside modified TIMI
frame count
Glycoprotein IIb/llla receptor antagonism
Intravenous abciximab Stenting in AMI Recovery of coronary  Increased improvement of coronary flow velocities and parameters 70
flow velocity after of left ventricular function after myocardial infarction
14 days
Mechanical devices for prevention of microembolization
PercuSurge GuardWire Elective saphenous  Prevention of In saphenous graft interventions large amounts of artherosclerotic 12
temporary occlusion graft angioplaty microemolization debris could be aspirated.
system
Dorros/Probing catheter  Elective saphenous  Prevention of The approach is feasible and debris could be aspirated 94

graft angioplasty microemolization

AMI acute myocardial infarction

no-reflow [24, 40, 56], even if a direct pathophysiologic
role does not appear to be relevant. In summary, clinical
observations and results of animal models should be
separated closely when interpreting results and search-
ing for mechanisms of microvascular obstruction. Nev-
ertheless, the significant amount of no-reflow observed
after coronary artery occlusion and reperfusion in ani-
mals suggests that this phenomenon also significantly
contributes to clinical perfusion defects.

Myocardial necrosis and microvascular perfusion
defects

In our own experiments in the rabbit, a very close cor-
relation between myocardial infarct size and the size of
anatomical no-reflow was a characteristic and repro-
ducible feature with various experimental conditions

usually resulting in correlation coefficients of more than
0.90. [78-81]. Furthermore the spatial distribution of
no-reflow zones and myocardial necrosis as assessed by
triphenyltetrazolium staining was very similar with
zones of no-reflow tending to be slightly smaller than
zones of necrosis but comprising usually more than
80% of infarct size in this model [79, 80]. As a conse-
quence one might conjecture that any significant infarct
size reducing intervention must necessarily also result
in reduction of no-reflow zones.

When testing two of the most powerful infarct size
reducing interventions in these experimental models,
i.e. ischemic preconditioning and inhibition of the
Na*/H* exchanger (by cariporide), a significant reduc-
tion in infarct size as well as no-reflow was achievable.
However, when looking at the correlations between size
of no-reflow and size of necrosis, it became obvious that
neither of these two cardioprotective interventions,
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which are believed to work independently and by sepa-
rate mechanisms, differentially influenced the amount
of necrosis and microvascular perfusion defects; to the
contrary linear regression analysis of the size of necro-
sis versus size of perfusion defects did not result in sig-
nificantly different interrelationships. Thus,a causal link
between myocyte necrosis and microvascular perfusion
defects was postulated as neither of the two interven-
tions uncoupled necrosis from areas of no-reflow [80].

The key question that can be derived from these ob-
servations is whether the no-reflow phenomenon con-
tributes to myocardial necrosis. While no-reflow imme-
diately after release of the coronary artery occlusion in
experimental animal models probably does not con-
tribute to myocardial cell death [5,27], one might argue
that the marked progression of the no-reflow zone with
ongoing reperfusion could be a limiting factor for the fi-
nal amount of myocardial salvage. Closely linked to this
question is the debate over the existence of real myocar-
dial reperfusion injury, postulating a progression of
myocyte death during reperfusion [4, 50].

One of the strongest arguments against a causal role
of anatomical no-reflow for myocardial cell death dur-
ing reperfusion in experimental infarction is the time-
course and spatial distribution of myocyte death and
vascular injury in the dog: In 312 biopsies of ischemic
canine myocardium after various times of coronary oc-
clusion (20-180 minutes), no biopsy showed microvas-
cular damage without myocardial cell injury. In addi-
tion, ultrastructural myocyte damage markedly
preceded microvascular alterations [55]. Similarly, after
5.5 hours of coronary occlusion followed by 30 minutes
of reperfusion in the dog, the extent of vascular injury
was always shown to be less than and well confined to
the infarcted area [21].

This might be interpreted as a higher tolerance of the
endothelial cells towards ischemia and reperfusion in
comparison with the cardiac myocyte. One might pos-
tulate that myocardial cells, due to highly energy con-
suming contractile processes and complex ion-hemo-
static mechanisms [46], are less resistant to ischemia
and reperfusion in comparison with endothelial cells.
However, contractile performance of cardiac myocytes
declines very rapidly after the onset of ischemia, thus
limiting energy expenditures very early in the course of
insufficient oxygen supply. In addition, electron micro-
scopic investigations after ischemia and different meth-
ods of cardioplegia rather suggested that endothelial
cells might be even more prone to the ischemia/reperfu-
sion-induced damage than cardiomyocytes [90, 91, 93].

In the early investigation on reperfusion-related ex-
pansion of no-reflow in the dog, by Ambrosio etal. “the
size of infarct and low flow areas were linearly correlated
...with a minimum infarct size of about 20 % of the risk
zone required before any low flow area was seen” [5].
This could suggest that death of cardiomyocytes might

be a prerequisite for no-reflow to develop. Interestingly,
in this study, the finally observed areas of no-reflow
were characterized by very low collateral flow during
coronary occlusion.

However, in the mentioned investigations in the rab-
bit heart with different cardioprotective interventions,
linear regression between the size of necrosis and size of
perfusion defects resulted in regression lines with an or-
dinate-intercept near zero or even at positive values,
suggesting that a certain amount of no-reflow was al-
ready present with minimal amounts of necrosis [79,
80]. These observations could also be explained by pos-
tulating that the amount of no-reflow could limit the
amount of myocardial tissue to be salvaged by perfu-
sion, thus meaning implicitly a contribution of no-re-
flow to myocardial necrosis. Moreover, investigations in
isolated rabbit hearts using injection of low-viscosity
resin were able to demonstrate zones of low-flow sur-
rounding an area of no-reflow. Even if these low-flow ar-
eas were of small volume, they seemed to extent to non-
infarcted myocardium [89], which might provide a
causal link between no-reflow and myocardial necrosis.

Obviously this fundamental issue of myocardial is-
chemia and reperfusion cannot finally be solved on the
basis of the current data. An interesting study (albeit de-
bated with respect to its methodology [17]), using up-
take of radioactive labeled derivates of deoxyglucose,
administered at different time points after reperfusion,
as a marker of viability, suggested that more than 50 %
of biopsies taken from infarcted areas after 90 minutes
of occlusion and 4 hours of reperfusion were viable af-
ter five minutes of reperfusion, but necrotic after 180
minutes of reperfusion [67]. An important finding in
this study was that 97 % of the tissue samples taken from
areas of no-reflow (in contrast to perfused tissue), de-
fined as areas not perfused by thioflavin S, were judged
to be already non-viable after five minutes of reperfu-
sion, suggesting that no-reflow had not contributed to
progression of myocyte death in this study.

The open-microvessel hypothesis

As there is no proof of a contribution of classical no-re-
flow, as observed in animal studies of coronary occlu-
sion and reperfusion, to myocardial necrosis, one might
ask, whether treatment that focuses on reduction of no-
reflow makes sense. Clinical studies have documented a
strong correlation between the incidence of angio-
graphic no-reflow, perfusion defects demonstrated by
contrast echocardiography, or microvascular obstruc-
tion visualized by MRI and clinical outcome [37, 107].
Interventions associated with reduction of clinical no-
reflow were shown to bear prognostic benefit [39, 66].
While it is very suggestive that prevention of microem-
bolization should be beneficial in the clinical realm [98],
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it remains to be determined to what extent clinical no-
reflow resembles the no-reflow phenomenon in animal
research. However, the correlation between outcome
and extent of clinically observed no-reflow might solely
reflect the correlation of the extent of no-reflow and the
size of the infarcted territory, as delineated above.

Nevertheless, improvement of tissue perfusion could
have beneficial effects other than myocardial salvage:
Infarct expansion, scar healing or aneurysmic ventricu-
lar dilation might be prevented by improvement of tis-
sue perfusion even to irreversibly damaged myocytes
[11]. The delivery of pharmacological agents to the myo-
cardium would be a secondary potentially beneficial
effect. In addition, blood vessels preserved in an area
that might have become a no-reflow zone could serve as
a source of future collateral vessels.

In a chronic model of coronary occlusion and reper-
fusion in the rat, it could be demonstrated that compro-
mised tissue perfusion persists for at least four weeks.
Importantly, the degree of reduced tissue perfusion cor-
related significantly with scar thickness and indices of
infarct expansion in this study [77]. Therefore, the
amount of no-reflow as present in the chronic stage,
when significant steps in infarct healing have taken
place, predicted infarct expansion in this study, which
could be the pathoanatomic basis for the prognostic sig-
nificance of no-reflow. Soon after the advent of reperfu-
sion therapy, the open-artery hypothesis was coined,
suggesting that re-opening of an infarct related artery
could be beneficial with regard to infarct healing and re-
modeling even after significant salvage of cardiomyo-
cytes is not achievable [49]. Looking at the interrelation
between infarct expansion and no-reflow, the open-
artery hypothesis might be shifted downstream to an
“open-microvessel hypothesis”, stressing that complete
microvascular reperfusion should be the goal of true

References

1. Aiello EA, Jabr RI, Cole WC (1995) Ar-

4. Ambrosio G, Tritto I (1999) Reperfu-

369

reperfusion therapy potentially resulting in beneficial
attenuation of the remodeling process [77]. However,
developing effective therapies will crucially depend on
understanding the differential mechanisms contribut-
ing to no-reflow.

Conclusions

Both animal models of experimental myocardial infarc-
tion and clinical studies on reperfusion therapy for
acute myocardial infarction, provided evidence of im-
paired tissue perfusion at the microvascular level after
initiation of reperfusion despite adequate restoration of
epicardial vessel patency. Characteristics of this “no-re-
flow” phenomenon found in basic science investiga-
tions, such as distinct perfusion defects, progressive de-
crease of resting myocardial flow with ongoing
reperfusion and functional vascular alterations are par-
alleled by clinical observations demonstrating similar
features during the course of reperfusion. In experi-
mental animal investigations of coronary occlusion and
reperfusion, this no-reflow phenomenon could be char-
acterized as a fundamental mechanism of myocardial is-
chemia and reperfusion. Major determinants of the
amount of no-reflow are the duration of occlusion, in-
farct size, but also the length of reperfusion, as rapid ex-
pansion of perfusion defects occurs during reperfusion.
Moreover, no-reflow appears to persist over a period of
at least four weeks, a period when major steps of infarct
healing take place. The significant association of the de-
gree of compromised tissue perfusion at four weeks and
indices of infarct expansion, found in chronic animal
models of reperfused myocardial infarction, might be
the pathoanatomic correlate for the prognostic signifi-
cance, observed in the clinical setting.

7. Assali AR, Sdringola S, Ghani M,

rhythmia and delayed recovery of car-
diac action potential during reperfu-
sion after ischemia. Role of oxygen
radical-induced no-reflow phenome-
non. Circ Res 77:153-162

Amado LC, Kraitchman DL, Gerber BL,
Castillo E, Boston RC, Grayzel ], Lima JA
(2004) Reduction of “no-reflow” phe-
nomenon by intra-aortic ballon coun-
terpulsation in a randomized magnetic
resonance imaging experimental study.
J Am Coll Cardiol 43:1291-1298
Ambrosio G, Becker LC, Grover M,
Hutchins GM, Weisman H, Weisfeldt
ML (1986) Reduction in experimental
infarct size by recombinant human su-
peroxide dismutase: insights into the
pathophysiology of reperfusion injury.
Circulation 74:1424-1433

sion injury: experimental evidence and
clinical implications. Am Heart J 138:
69-75

. Ambrosio G, Weisman HF, Mannisi JA,

Becker LC (1989) Progressive impair-
ment of regional myocardial perfusion
after initial restoration of postischemic
blood flow. Circulation 80:1846-1861

. Asanuma T, Tanabe K, Ochiai K, Yoshi-

tomi H, Nakamura K,Murakami Y, Sano
K, Shimada T, Murakami R, Morioka$,
Beppu S (1997) Relationship between
progressive microvascular damage and
intramyocardial hemorrhage in pa-
tients with reperfused anterior myocar-
dial infarction. Circulation 96:448-453

Denkats AE, Yepes A, Hanna GP, S G, Fu-
jise K, Anderson HV, Smalling RW, Ro-
sales OR (2000) Intracoronary adeno-
sine administered during percutaneous
intervention in acute myocardial in-
farction and reduction in the incidence
of “no-reflow” phenomenon. Catheter
Cardiovasc Interv 51:27-31

. Babbit DG, Virmani R, Forman MB

(1989) Intracoronary adenosine ad-
ministered after reperfusion limits vas-
cular injury after prolonged ischemia in
the canine model. Circulation 80:
1388-1399



370

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Beauchamp P, Richard V, Tamion F,
Lallemand F, Lebreton JP, Vaudry H,
Daveau M, Thuillez C (1999) Protective
effects of preconditioning in cultured
rat endothelial cells Effects on neu-
trophil adhesion and expression of
ICAM-1 after anoxia and reoxygena-
tion. Circulation 100:541-546
Birnbaum Y, Patterson M, Kloner RA
(1997) The effect of CY1503, a sialyl
Lewisx analog blocker of the selectin
adhesion molecules, on infarct size and
“no-reflow” in the rabbit model of acute
myocardial infarction/reperfusion in
isolated rat heart. ] Mol Cell Cardiol 29:
2013-2025

Braunwald E Myocardial reperfusion,
limitation of infarct size, reduction of
left ventricular dysfunction, and im-
proved survival: Should the paradigm
be expanded? Circulation 79:441-444
Carlino M, De Gregorio ], Di Mario C,
Anzuini A, Airoldi A, Albiero R,
Briguori C, Dharmadhikari A, Sheiban
I, Colombo A (1999) Prevention of dis-
tal embolization during saphenous vein
graft lesion angioplasty: experience
with a new temporary occlusion and as-
piration system. Circulation 99:
3221-3223

Carlson RE, Aisen AM, Buda AJ (1992)
Effect of reduction in myocardial
edema on myocardial blood flow and
ventricular function after coronary
reperfusion. Am ] Physiol 262:
H641-H648

Chambers DE, Parks DA, Patterson G,
Roy R, McCord JM, Yoshida S, Parmley
LE, Downey JM (1985) Xanthine oxidase
as a source of free radical damage in
myocardial ischemia. ] Mol Cell Cardiol
17:145-152

Choudhury RP, Porto I, Banning AP
(2004) Debris trapped by a distal pro-
tection device may mimic no-reflow
during percutaneous coronary inter-
vention. Circulation 109:803-804
Davies M]J, Woolf N, Robertson WB
(1976) Pathology of acute myocardial
infarction with particular reference to
occlusive coronary thrombi. Br Heart J
38:659-664

Doenst T, Holden JE, Taegtmeyer H, Je-
remy RW, Matsumura K, Becker LC
(1999) Limitations to the Assessment of
Reperfusion Injury With radiolabeled
2-Deoxyglucose Response. Circulation
99:1646-1649

Duilio C, Ambrosio G, Kuppusamy P,
DiPaula A, Becker LC, Zweier JL (2001)
Neutrophils are primary source of O(2)
radicals during reperfusion after pro-
longed myocardial ischemia. Am ]
Physiol 280: H2649-2657

Engler RL, Schmid-Schonbein GW, Pa-
velec RS (1983) Leukocyte capillary
plugging in myocardial ischemia and
reperfusion in the dog. Am J Pathol 111:
98-111

Basic Research in Cardiology, Vol. 101, No. 5 (2006)
© Steinkopff Verlag 2006

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Erbel R, Heusch G (2000) Coronary mi-
croembolization. ] Am Coll Cardiol 36:
22-24

Fishbein MC, Y-Rit ], Lando U, Kanmat-
suse K, Mercier JC, Ganz W (1980) The
relationship of vascular injury and myo-
cardial hemorrhyge to necrosis after
reperfusion. Circulation 62:1274-1279
Galinanes M, Lawson CS, Ferrari R,
Limb GA, Derias NW, Hearse DJ (1993)
Early and late effects of leukopenic
reperfusion on the recovery of cardiac
contractile function Studies in the
transplanted and isolated blood-per-
fused rat heart. Circulation 88:673-683
Galiuto L, DeMaria AN, del Balzo U,
May-Newman K, Flaim SE, Wolf PL,
Kirchengast M, Iliceto S (2000) Is-
chemia-Reperfusion injury at the mi-
crovascular level treatment by endothe-
lin  A-selective  antagonist and
evaluation by myocardial contrast
echocardiography. Circulation 102:
3111-3116

Genda S, Miura T, Miki T, Ichikawa Y,
Shimamoto K (2002) K(ATP) channel
opening is an endogenoeus mechanism
of protection against the no-reflow
phenomenon but its function is com-
promised by hypercholesterolemia. J
Am Coll Cardiol 40:1339-1346

Golino P, Maroko PR, Carew TE (1987)
Efficacy of platelet depletion in coun-
teracting the detrimental effect of acute
hypercholesterolemia on infarct size
and the no-reflow phenomenon in rab-
bits undergoing coronary artery occlu-
sion-reperfusion.  Circulation  76:
173-180

Golino P, Ragni M, Cirillo P, Avvendi-
mento VE, Felicello A, Esposito N, Scog-
namiglio A, Trimarco B, Iaccarino G,
Condorelli M, Chiarello M, Ambrosio G
(1996) Effects of tissue factor induced
by oxygen free radicals on coronary
flow during reperfusion. Nat Med 2:
35-41

Golino P, Ragni M, Cirillo P, Scog-
namiglio A,Ravera A, Buono C, Guarino
A, Piro O, Lambiase C, Botticella F,
Ezban M, Condorelli M, Chiarello M
(2000) Recombinant human, active site-
blocked factor VIIa reduces infarct size
and no-reflow phenomenon in rabbits.
Am ] Physiol 278: H1507-1516
Guarnieri C, Flannigan F, Caldarera CM
(1980) Role of oxygen in the cellular
damage induced by reoxygenation of
hypoxic hearts. ] Mol Cell Cardiol 12:
797-808

Hale SL,Dae MW, Kloner RA (2003) Hy-
pothermia during reperfusion limits
‘no-reflow’ injury in a rabbit myocar-
dial infarct model. Cardiovasc Res 59:
715-722

Hale SL, Hammerman H, Kloner RA
(1995) Effect of two perfluorocarbon
emulsions on reperfusion injury after
coronary occlusion in rabbits. Bas Res
Cardiol 90:404-409

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Hale SL, Leeka JA, Kloner RA (2006)
Improved left ventricular function and
reduced necrosis after myocardial is-
chemia/reperfusion in rabbits treated
with ranolazine, an inhibitor of the late
sodium channel. ] Pharmacol Exp Ther
(in press)

Hillegass WB, Dean NA, Liao L, Rhine-
hart RG, Myers PR (2001) Treatment of
no-reflow and impaired flow with the
nitric oxide donor nitroprusside fol-
lowing percutaneous interventions: ini-
tial human clinical experience. ] Am
Coll Cardiol 37:1335-1343

Homeister JW, Hoff PT, Fletcher DD,
Lucchesi BR (1990) Combined adeno-
sine and lidocaine administration lim-
its myocardial reperfusion injury. Cir-
culation 82:595-608

Ichimori K, Nakazawa H, Nioka S,
Inubushi T, Chance B (1991) The mech-
anism underlying heterogeneous pH in
ischemic and reperfused myocardium.
Jpn Circ ] 55:516-523

Ishihara M, Sato H, Tateishi H, Kawagoe
T, Shimatani Y, Kurisu S, Kazuko S
(1996) Attenuation of the no-reflow
phenomenon after coronary angio-
plasty for acute myocardial infarction
with intracoronary papaverine. Am
Heart ] 132:959-963

Ito BR, Schmid-Schonbein G, Engler RL
(1990) Effects of leukocyte activation
on myocardial vascular resistance.
Blood Cells 16:145-163

Ito H, Iwakura K, Oh H, Masuyama T,
Hori M, HigashinoY, Fujii K, Minamino
T (1995) Temporal changes in myocar-
dial perfusion patterns in patients with
reperfused anterior wall myocardial in-
farction. Their relation to myocardial
viability. Circulation 91:656-662

Ito H, Okamura A, Iwakura K, Masuyam
T, Hori M, Takiuchi S, Negoro S, Nakat-
suchi Y, Taniyama Y, Higashino Y, Fujii
K, Minamino T (1996) Myocardial per-
fusion patterns related to thrombolysis
in myocardial infarction perfusion
grades after coronary angioplasty in
patients with acute myocardial infarc-
tion. Circulation 93:1993-1999

Ito H, Taniyama Y, Iwakura K, Nishikawa
N, Masuyama T, Kuzuya M, Higashino Y,
Fujii K, Minamino T (1999) Intravenous
nicorandil can preserve microvascular
integrity and myocardial viability in
patients with reperfused anterior wall
myocardialinfarction.] Am Coll Cardiol
33:654-660

IwakuraK,Ito H,Ikushima M,Kawano S,
Okamura A, Asano K, Kuroda T, Tanaka
K, Masuyama T, Hori M, Fujii K (2003)
Association between hyperglycemia
and the no-reflow phenomenon in pa-
tients with acute myocardial infarction.
J Am Coll Cardiol 41:1-7



41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Iwakura K, Ito H, Nishikawa N etal.
(1999) Early temporal changes in coro-
nary flow velocity patterns in patients
with acute myocardial infarction
demonstrating the “no-reflow” phe-
nomenon. Am ] Cardiol 84:415-419
Jeremy RW, Links JM, Becker LC (1990)
Progressive failure of coronary flow
during reperfusion of myocardial in-
farction: documentation of the no re-
flow phenomenon with positron emis-
sion tomography. ] Am Coll Cardiol 16:
695-704

Johnson WB, Malone SA, Pantely GA,
Anselone CG, Bristow JD (1988) No re-
flow and extent of infarction during
maximal vasodilation in the porcine
heart. Circulation 78:462-472

Judd RM, Lugo-Olivieri CH, Arai M,
Kondo T, Croisille P, Lima JA, Mohan V,
Becker LC, Zerhouni EA (1995) Physio-
logical basis of myocardial contrast en-
hancement in fast magnetic images of
2-day old reperfused infarcts. Circula-
tion 92:1902-1910

Kaeffer N, Richard V, Franqois A, Lalle-
mand F,Henry JP, Thuillez C (1996) Pre-
conditioning prevents chronic reperfu-
sion-induced coronaryendothelial
dysfunction in rats. Am J Physiol 271:
H842-H849

Kammermeier H (1987) Why do cells
need phosphocreatine and a phospho-
creatine shuttle? ] Mol Cell Cardiol 19:
115-118

Kapla BM, Benzuly KH, Kinn JW, Bow-
ers TR, Tilli FV, Grines CL, O’Neill WW,
Safian RD (1996) Treatment of no-re-
flow in degenerated saphenous vein
graft interventions: comparison of in-
tracoronary verapamil and nitrogly-
cerin. Cathet Cardiovasc Diagn 39:
113-118

Keeley EC, Boura JA, Grines CL (2003)
Primary angioplasty versus intra-
venous thrombolytic therapy for acute
myocardial infarction: a quantitative
review of 23 randomised trials. Lancet
361:13-20

Kim CB, Braunwald E (1993) Potential
benefits of late reperfusion of infarcted
myocardium: the open artery hypothe-
sis. Circulation 28:837-845

Kloner RA (1993) Does reperfusion in-
jury exist in humans? ] Am Coll Cardiol
21:537-545

Kloner RA, Alker KJ (1984) The effect of
streptokinase on intramyocardial hem-
orrhage, infarct size, and the no-reflow
phenomenon during coronary reperfu-
sion. Circulation 70:513-521

Kloner RA, Alker K, Campbell C, Fi-
gures G, Eisenhauer A, Hale S (1989)
Does tissue-type plasminogen activator
have direct beneficial effects on the
myocardium independent of its ability
to lyse intracoronary thrombi? Circula-
tion 79:1125-1136

T. Reffelmann et al.
No-reflow

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Kloner RA, Ganote CE, Jennings RB
(1974) The “No-Reflow” phenomenon
after temporary coronary occlusion in
dogs.J Clin Invest 54:1496-1508
Kloner RA, Giacomelli F, Alker KJ, Hale
SL, Matthews R, Bellows S (1991) Influx
of neutrophils into the wall of large epi-
cardial coronary arteries in response to
ischemia/reperfusion. Circulation 84:
1758-1772

Kloner RA, Rude RE, Carlson N,
Maroko PR, DeBoer LWV, Braunwald E
(1980) Ultrastructural evidence of mi-
crovascular damage and myocardial
cell injury after coronary artery occlu-
sion: Which comes first? Circulation 62:
945-952

Kojima S, SakamotoT, Ishihara M,
Kimura K, Mivazaki S, Tei C, Hiraoka H,
Sonoda M, Tsuchihashi K, Yamagishi M,
Inoue T, Asada Y, Ikeda Y, Shirai M,
Ogawa H (2004) The white blood cell
count is an independent predictor of
no-reflow and mortality following
acute myocardial infarction in the coro-
nary interventionalera. Ann Med 36:
153-160

Kolodgie FD, Virmani R, Frab A (1991)
Limitation of no reflow injury by blood-
free reperfusion with oxygenated per-
fluorochemical (Fluosol-DA 20%). ]
Am Coll Cardiol 18:215-223
Komanura K, Kitakaze M, Nishida K,
Naka M, Tamai J, Uematzu M, Koret-
sune Y, Nanto S, Hori M, Inoue M, Ka-
mada T, Kodama K (1994) Progressive
decrease in coronary veinflow during
reperfusion in acute myocardial infarc-
tion: clinical documentation of the no
reflow phenomenon after successful
thrombolysis. ] Am Coll Cardiol 24:
370-377

Krug A, de Rochemont WM, Korb G
(1966) Blood supply of the myocardium
after temporary coronary occlusion.
Circ Res 19:57-62

Li XS, Wang QD, Pernow J (1995) Bene-
ficial effects of the endothelin receptor
antagonist bosentan on myocardial and
endothelial injury following is-
chaemia/reperfusion in the rat. Eur J
Pharmacol 283:161-168

Lindal S, Sorlie D, Jorgensen L (1988)
Endothelial cells of the cardiac mi-
crovasculature during and after cold
cardioplegic ischaemia. Comparison of
endothelial and myocyte damage.
Scand ] Thorac Cardiovasc Surg 22:
257-265

Litt MR, Jeremy RW, Weisman HE
Winkelstein JA, Becker LC (1989) Neu-
trophil depletion limited to reperfusion
reduces myocardial infarct size after 90
minutes of ischemia. Evidence for neu-
trophil-mediated reperfusion injury.
Circulation 80:1816-1827

Majino G, Ames A, Chaing J, Wright RL
(1967) No reflow after cerebral is-
chemia. Lancet 2:569-570

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

37

Manciet LH, Poole DC, McDonagh PE,
Copeland ]G, Mathieu-Costello O
(1994) Microvascular compression dur-
ing myocardial ischemia: mechanistic
basis for no-reflow phenomenon. Am J
Physiol 266: H1541-H550

Martin SE, Chenoweth DE, Engler RL,
Roth DM, Longhurst JC (1988) C5a de-
creases regional coronary blood flow
and myocardial function in pigs: impli-
cations for a granulocyte mechanism.
Circ Res 63:483-491

Marzilli M, Orsini E, Marraccini P, Testa
R (2000) Beneficial effects of intracoro-
nary adenosine as an adjunct to pri-
mary angioplasty in acute myocardial
infarction. Circulation 101:2154-2159
Matsumura K, Jeremy RW, Schaper J,
Becker LC (1998) Progression of myo-
cardial necrosis during reperfusion of
ischemic myocardium. Circulation 97:
795-804

Morishima I, Sone T, Okumara K,
Tsuboi H, Kondo J, Mukawa H, Matsui
H, Toki Y, Ito T, Hayakawa T (2000) An-
giographic no-reflow as a predictor of
adverse long-term outcome in patients
treated with percutaneous translumi-
nal coronary angioplasty for first myo-
cardial infarction. ] Am Coll Cardiol 36:
1202-1209

Nathan CF (1987) Neutrophil activation
on biological surfaces: massive secre-
tion of hydrogen peroxide in response
to products of macrophages and lym-
phocytes. ] Clin Invest 80:1550-1560
Neumann FJ, Blasini R, Schmitt C, Alt E,
Dirschinger ], Gawaz M, Kastrati A,
Schomig A (1998) Effect of glycoprotein
IIb/IIIa receptor blockade on recovery
of coronary flow and left ventricular
function after the placement of coro-
nary-artery stents in acute myocardial
infarction. Circulation 98:2695-2701
Ohnishi M, Yamada K, Morooka S, Tojo
SJ (1999) Inhibition of P-selectin atten-
uates neutrophil-mediated myocardial
dysfunction. Eur ] Pharmacol 366:
271-279

O’Neill W, Timmis GC, Bourdillon PD,
Lai P, Ganshadarhan V, Walton ] Jr,
Ramos R, Laufer N, Gordon S, Schork
MA etal. (1986) A prospective random-
ized clinical trial of intracoronary
streptokinase versus coronary angio-
plasty for acute myocardial infarction.
N Engl ] Med 314:812-818

Piana RN, Paik GY, Moscucci M, Cohen
DJ, Gibson CM, Kugelmass AD, Carozza
JP, Kuntz RE, Baim DS (1994) Incidence
and treatment of ‘no-reflow’ after per-
cutaneous coronary intervention. Cir-
culation 89:2524-2518

Pitarys CJ, Virmani R, Vildibill HD,
Jackson EK, Forman MB (1991) Reduc-
tion of myocardial reperfusion injury
by intravenous adenosine administered
during the early reperfusion period.
Circulation 83:237-247



372

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Przyklenk K, Kloner RA (1989) “Reper-
fusion injury” by oxygen-derived free
radicals? Effect of superoxide dismu-
tase plus catalase, given at the time of
reperfusion, on myocardial infarct size,
contractile function, coronary mi-
crovasculature, and regional myocar-
dial blood flow. Circ Res 64:86-96
Ragosta M, Camarano G, Kaul S, Powers
ER, Sarembock IJ, Gimple LW (1994).
Microvascular integrity indicates myo-
cellular viability in patients with recent
myocardial infarction. New insights
using myocardial contrast echocardio-
graphy. Circulation 89:2562-2569
Reffelmann T, Hale SL, Dow JS, Kloner
RA (2003) No-reflow phenomenon per-
sists long-term after ischemia/reperfu-
sion in the rat and predicts infarct ex-
pansion. Circulation 108:2911-2917
Reffelmann T, Hale SL, Li G, Kloner RA
(2002) Relationship between no-reflow
and infarct size as influenced by the du-
ration of ischemia and reperfusion in
the rabbit. Am ] Physiol 283:
H766-H772

Reffelmann T, Kloner RA (2002) Mi-
crovascular reperfusion injury: Rapid
expansion of anatomic no reflow dur-
ing reperfusion in the rabbit. Am J
Physiol 283: H1099- H1107

Reffelmann T, Kloner RA (2003) Is mi-
crovascular protection by Cariporide
and ischemic preconditioning causally
linked to myocardial salvage? Am ]
Physiol 284: H1134- H1141

Reffelmann T, Kloner RA (2003) Effects
of sildenafil on myocardial infarct size,
microvascular function, and acute is-
chemic left ventricular dilation. Cardio-
vasc Res 98:275-284

Reffelmann T, Kloner RA (2004) Effects
of adenosine and verapamil on
anatomic no reflow in a rabbit model of
coronary artery occlusion and reperfu-
sion. J Cardiovasc Pharmacol 43:
580-588

Reffelmann T, Kloner RA (2002) The
“no-reflow” phenomenon: Basic sci-
ence and clinical correlates. Heart 87:
162-168

Rentrop KP, Blanke H, Karsch KR, Wie-
gand V, Kostering H, Oster H, Leitz K
(1979) Acute myocardial infarction: in-
tracoronary application of nitrogly-
cerin and streptokinase. Clin Cardiol
18:354-363

Reynolds JM, McDonagh PF (1989)
Early in reperfusion, leukocytes alter
perfused coronary capillarity and vas-
cular resistance. Am ] Physiol 256:
H982-H989

Rezkalla SH, Kloner RA (2002) No-re-
flow phenomenon. Circulation 105:
656-662

Basic Research in Cardiology, Vol. 101, No. 5 (2006)
© Steinkopff Verlag 2006

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Richard V, Kaeffer N, Tron C, Thuillez C
(1994) Ischemic preconditioning pro-
tects against coronary endothelial dys-
function induced by ischemia and
reperfusion. Circulation 89:1254-1261
Rochitte CE, Lima JA, Bluemke DA,
Reeder SB, McVeigh ER, Furuta T,
Becker LC, Melin JA (1998) Magnitude
and time course of microvascular ob-
struction and tissue injury after acute
myocardial infarction. Circulation 98:
1006-1014

Sage MD, Gavin JB (1986) Microvascu-
lar function at the margins of early ex-
perimental myocardial infarcts in iso-
lated rabbit hearts. Heart Vessels 2:
81-86

Schmiedl A, Richter ], Schnabel PA
(2002) Different preservation of myo-
cardial capillary endothelial cells and
cardiomyocytes during and after car-
dioplegic ischemia (25 degrees C) of ca-
nine hearts Pathol Res Pract 198:
281-290

Schmiedl A, Schnabel PA, Kausch
Blecken von Schmeling H, Marten K,
Richter J (2001) Swelling of capillary
endothelial cells and cardiomyocytes in
the ischaemic myocardium of artifi-
cially arrested canine hearts. J Electron
Microsc 50:349-357

Siminiak T, Flores NA, Sheridan DJ
(1995) Neutrophil interactions with en-
dothelium and platelets: possible role in
the development of cardiovascular in-
jury. Eur Heart ] 16:160-170

Staat P, Rioufol G, Piot C, Cottin Y, Cung
TT, LHuillier I, Aupetit JE, Bonnefoy E,
Finet G, Andre-Fouet X, Ovize M (2005)
Postconditioning the human heart. Cir-
culation 112:2143-2148

Stein BC, Moses ], Teirstein PS (2000)
Balloon occlusion and transluminal as-
piration of saphenous vein grafts to
prevent distal embolization. Catheter
Cardiovasc Interv 51:69-73

Summer WK, Janninson RI (1971) The
no reflow phenomenon in renal is-
chemia. Lab Invest 25:635-643
Swinburn JM, Lahiri A, Senior R (2001)
Intravenous  myocardial  contrast
echocardiography predicts recovery of
dyssynergic myocardium early after
myocardial infarction. ] Am Coll Car-
diol 38:19-25

Taniyama Y, Ito H, Iwakura K, Ma-
suyama T, Hori M, Takiuchi §,
Nishikawa N, Higashino Y, Fujii K, Mi-
namino T (1997) Beneficial effect of in-
tracoronary verapamil on microvascu-
lar and myocardial salvage in patients
with acute myocardial infarction. ] Am
Coll Cardiol 30:1193-1199

Topol EJ, Yadav JS (2000) Recognition of
the importance of embolization in ath-
erosclerotic vascular disease. Circula-
tion 101:570-580

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Tranum-Jensen J, Janse MJ, Fiolet JWT,
Krieger W]G,D’Alnoncourt CN,Durrer
D (1981) Tissue osmolality, cell
swelling, and reperfusion in acute re-
gional myocardial ischemia in the iso-
lated porcine heart.Circ Res 49:364-381
Villanueva FS, Glasheen WP, Sklenar J,
Kaul S (1993) Characterization of spa-
tial patterns of flow within the reper-
fused myocardium by myocardial
contrast echocardiography. Implica-
tion in determining myocardial sal-
vage. Circulation 88:2596-2606

Villari B, Ambrosio G, Golino P, Ragni
M, Focaccio A, Tritto I, Salvatore M,
Chiarello M (1993) The effects of cal-
cium channel antagonist treatment
and oxygen radical scavenging on in-
farct size and the no-reflow phenome-
non in reperfused hearts. Am Heart J
125:11-23

Watt JA, Hawes EM, Jenkins SH,
Williams TC (1990) Effects of nisol-
dipine on the no-reflow phenomenon
in globally ischemic rat hearts. J Car-
diovasc Pharmacol 16:487-494

Weiss SJ, Klein R, Slivka A, Wei M
(1982) Chlorination of taurine by hu-
man neutrophils: evidence for
hypochloous acid generation. J Clin
Invest 70:598-607

Willerson JT, Watson JT, Hutton I,
Fixler DE, Curry GC, Templeton GH
(1975) The influence of hypertonic
mannitol on regional myocardial
blood flow during acute and chronic
myocardial ischemia in anaesthetized
and awake intact dogs. J Clin Invest
55:892-902

Willms-Kretschmer K, Majno G (1969)
Ischemia of the skin. Electron micro-
scopic study of vascular injury. Am J
Pathol 54:327-343

Wu KC, Kim RJ, Bluemke DA, Rochitte
CE, Zerhouni EA, Becker LC, Lima JA
(1998) Quantification and time course
of microvascular obstruction by con-
trast-enhanced echocardiography and
magnetic resonance imaging follow-
ing acute myocardial infarction and
reperfusion. J Am Coll Cadiol
32:1756-1764

Wu KC, Zerhouni EA, Judd RM etal.
(1998) Prognostic significance of mi-
crovascular obstruction by magnetic
resonance imaging in patients with
acute myocardial infarction. Cicula-
tion 97:765-772

Zhao ZQ, Corvera JS, Halkos ME,
Kerendi F, Wang NP, Guyton RA, Vin-
ten-Johansen ] (2003) Inhibition of
myocardial injury by ischemic post-
conditioning  during reperfusion:
comparison with ischemic precondi-
tioning. Am J Physiol Heart Circ Phys-
iol 285:H579-H588

Zhao ZQ, Vinten-Johansen ] (2006)
Postconditioning: reduction of reper-
fusion-induced injury. Cardiovasc Res
70:200-211



